The productivity of porous and fractured reservoir rocks depends heavily on the total permeability of the reservoir. Here we distinguish between matrix permeability, fracture permeability, and a 'boundary permeability' controlling pore fluid exchange between fractures and matrix pores. Seismic data are capable of tracking variations of the second and third types of permeability: fracture permeability is indicated by mapping fracture swarms; and boundary permeability is indicated by the dynamic properties of P-waves. To implement these capabilities, two groups of seismic attributes are proposed here. The group of attributes for mapping fracture swarms is traditional, whereas the group of attributes responding to variations of the boundary permeability has only been introduced recently. Permeability substitution modelling is done before using attributes of the second group. Application to an oil field with a tight, fractured carbonate reservoir in the Timan-Pechora province, Russia, enabled us to group the fracture-controlling faults into three categories having distinct multi-attribute patterns and diverse transport properties defined by specific combinations of fracture and boundary permeabilities. www.firstbreak.org
Introduction
Dual porosity rocks are rocks which have both matrix porosity, or primary porosity, and fractures, or secondary porosity. The permeability of dual porosity rocks is difficult to estimate from laboratory core analysis because cores tend to fall apart where the well intersects the most permeable open fractures. Estimates of permeability derived from standard well logs are difficult to upscale at dual porosity intervals, where the logs exhibit comparatively low background values related largely to matrix permeability. On the logs, sparse spikes at fractures indicate fracture permeabilities associated with individual fractures which exceed the matrix permeability of intact rock by several orders of magnitude. Also, estimation of permeability using porosity-permeability crossplots is commonly handicapped by poor correlation between these properties in dual porosity rocks.
Coherence, curvature, and anisotropy attributes, routinely extracted from seismic data, are useful tools for mapping faults and zones of increased fracture density. Such attributes can be considered as indirect indicators of fracture permeability because both faults and fractures are likely to act as pore fluid conduits in reservoirs. For matrix permeability, several attributes have recently been proposed that are sensitive to the rate of seismic P-waveinduced fluid flows between fractures and equant matrix pores. Fluid exchange occurs because fractures are much more compliant to external differential stress than equant pores. Consequently, during the passage of a P-wave, pore fluid is squeezed from fractures to pores when the rock is compressed, and sucked back from pores into fractures when the rock is dilated. These alternating fluid flows increase the total compliance of dual porosity rock and cause P-wave energy loss. Both these effects are distinctly technical article first break volume 27, May 2009 signature. The fracture permeability governs the transport properties of the reservoir over long distances, while the boundary permeability provides access to matrix pore space. Both types of permeability impact the hydrocarbon production potential of dual porosity reservoirs.
Existing theoretical models of dual porosity rocks (e.g., Thomsen, 1995; Hudson et al., 2001; Gurevich, 2003; Brajanovsky et al., 2005; Kozlov, 2007) account for the boundary permeability only. The models describe the effects of pore fluid exchange between fractures and pores in a physically averaged way, making the boundary permeability more or less linearly dependent on fracture density and distinctly frequency-dependent. Unfortunately, the effect of fracture permeability is not described explicitly in the existing effective models. For example, Brajanovsky et al. (2005) included the fracture permeability in the intermediate derivations, but then dropped the term containing it as insignificant. Instead, fracture permeability is routinely modelled numerically as a function of fracture density, average aperture, and size.
Successful application of indirect or direct permeability attributes has been amply illustrated by synthetic and real data examples (e.g., Goloshubin and Silin, 2006; Chopra and Marfurt, 2007; Sicking et al., 2007) . However, it is natural to assume that in different geological settings, and/ or where faults may be sealing or hydraulically conductive, the resolving power of different attributes would not be the same and the signatures of different attributes would complement each other. We were confronted with the problem of mapping lateral variations in the potential productivity of an oil-saturated dual porosity carbonate reservoir in a field where productivity is controlled mainly by the reservoir permeability. Accordingly, we chose an approach based on the integration of both direct and indirect seismic attributes as indicators of the reservoir rock transport properties with modelling support. frequency-dependent because at very high frequencies the pore fluid has no time to move between pores and fractures. Also, both effects depend on the matrix permeability adjacent to the fracture faces, where it controls the rate of fluid flow between fractures and equant pores. Because mineral cements are commonly precipitated along fracture faces, we suggest that it is useful to distinguish the matrix permeability at fracture faces as the 'boundary permeability'. Theoretical aspects of this concept were considered by Gurevich and Schoenberg (1999) and Wapenaar et al. (2004) . In the following, we restrict the meaning of 'matrix permeability' to the permeability of the intact reservoir rocks where they are unaffected by mineral precipitation at fracture faces.
The frequency-dependent seismic attributes responding to variations in the boundary permeability, through variations in reservoir rock compliance and P-wave energy loss, can be considered as direct indicators of boundary permeability. The matrix permeability has no distinct seismic overlying strata, but oriented closer to the anticline axis. In the reservoir itself, both systems of faults are observed (Figure 1b and c) . Because of this, it is important to define carefully the stratigraphic interval cut by each fault.
Altogether, about 40 wells were drilled over the two domes. Laboratory studies of cores show gradual lateral variations in reservoir matrix porosity from 4 to 15%, and in matrix permeability from 3−5 mD to 20−60 mD. As expected, P-wave impedance correlates well with matrix porosity, but there is practically no correlation between porosity and matrix permeability (Figure 4) . Micro-and small-scale meso-fractures, present in large-sized core samples, have small openings, no distinctly dominating orientation, and commonly their faces are encrusted with chalcedony or calcite ( Figure 5 ). Hence we perceive the need to distinguish between boundary permeability and matrix permeability: the boundary permeability adjacent to fracture faces can differ from the matrix permeability of the intact rock which is unaffected by mineral precipitation from fluids within the fractures.
Despite insignificant variations in the core-derived matrix porosity and permeability, flow rates from production wells vary substantially, from 5−7 m 3 day -1 to 300 m 3 day -1 in nearby wells ( Figure 6 ). The most productive wells are situated close to faults. This observation has led to the conclusion that well productivity in the field is defined mostly by reservoir permeability provided by meso-and macro-scale fractures associated with the fault network, and not by matrix permeability. However, the various faults have behaved differently over the production history of the field. The water cut rapidly increased in wells near the most prominent faults at the northern dome, whereas wells near some rather minor, stratigraphically limited faults at both the northern and southern domes have yielded high oil production over long periods of time. In the wells, intervals crossing open fractures or tight fracture swarms are characterized by an increase in borehole diameter accompanied by low gamma-ray values, low P-wave amplitudes on full waveform acoustic logs, and increased permeability.
Field under study
The field under study is located in the Timan-Pechora province, Russia. Structurally, the trap is a narrow anticline with steeply dipping flanks and two domes, northern and southern, divided by a saddle (Figure 1a) . The carbonate reservoir, of Early Permian age, is about 50 m thick at the northern dome and about 100 m thick at the southern dome. The reservoir is embedded in terrigenous rocks and consists of three layers containing oil and water (Figure 2 ). Velocity and density of the uppermost and lowermost layers are about the same, whereas in the middle layer they are less, so the reservoir is outlined by stable seismic horizons dividing the three layers from each other and from the enclosing strata ( Figure 3a) . By autopicking these horizons and faults on 3D data using propagator and automated fault extraction (AFE) software, the general scheme of the fault network was delineated ( Figure 3b) .
The faulting intensity in the adjacent beds is at least as high as in the reservoir interval. The overlying strata contain a series of normal faults orientated diagonally with respect to the anticline axis. The majority of these faults are presumably sealed, because oil is trapped. The underlying strata contain a series of faults with about the same density as the Summing up, the available data on the reservoir rock transport properties suggest that there are reasons to discriminate between three kinds of rock permeability: matrix permeability of the intact rock; fracture permeability closely associated with faulting; and boundary permeability controlling fluid exchange between matrix and fractures. We see no possibility of tracking variations in matrix permeability with seismic data. Tools for delineating zones of high fracture permeability are provided by the indirect indicator attributes, whereas variations in boundary permeability can best be mapped by the direct indicator attributes. Also, we expected the various permeability attributes to respond differently to faults which affect production in different ways. One of the goals of this multi-attribute study was to evaluate these ideas.
Method
Our workflow comprises four steps.
1. Creation of a set of indirect permeability attribute volumes, including:
n Several versions of the coherence attribute with different time windows;
n Several 3D images of scatterers with different degrees of relative suppression of energy coming from within the first Fresnel zone;
n Several combinations of dip and azimuth attributes; and n Several amplitude versus angle versus azimuth (AVAZ) attributes.
This step is aimed at delineating faults, zones of increased dip, and areas of increased azimuthal anisotropy to locate concentrations of open, interconnected, meso-and macroscale fractures. Calibration of the indirect attributes is implemented by crossplotting stratigraphic slices of each attribute cube with available hydrodynamic measurements and well productivity estimates. 2. Permeability substitution modelling of the responses of the direct permeability attributes to variations in boundary permeability and thickness for each of the three reservoir layers. The list of direct attributes was limited to PERMATR (Silin et al., 2004) , K1 (Davydova, 2005) , and instant bandwidth (I-Band). Simplistically, PERMATR is an average, over a certain frequency range, of the function ω[∂S(ω)/∂ω] 2 , where S(ω) is the amplitude spectrum of the windowed signal reflected from the target interval. The attribute K1 = E high / E low , where E high and E low are the energies in the windowed signal at high and low frequencies. The value of the frequency ω dis , dividing the frequency range into high and low frequencies, is chosen arbitrarily near the median frequency of useful signal in the amplitude spectrum S(ω). The attribute I-Band is the instantaneous bandwidth as described by Barnes (1992) . The scheme used for model-
The dominant role of fault zones in providing fractures was recently corroborated by hydrodynamic tests, including hydraulic conductivity and piezo-conductivity measurements during natural flowing and pumping conditions, in the upper layer of the reservoir at the southern dome. Hydraulic conductivity is the quotient of permeability and fluid viscosity, and is measured using a repeat formation tester or modular dynamics tester tool. Piezo-conductivity is the product of hydraulic conductivity and fluid bulk modulus, and is measured from pressure build-up during flow tests. In (Figure 8 ). Note that all the faults, irrespective of vertical extent, are grouped into two systems with azimuths (blue and orange arrows in Figure 7 ) differing by more than 60°. The dominant orientation is marked by the blue arrows.
We define scatterers as any subsurface objects characterized by a sharp local increase in the lateral gradient of reflectivity -faults, channels, large karstic features, rough surfaces resulting from sedimentation hiatuses, and even very steeply dipping specular reflectors. Volumes of seismic images in which scatterers are accentuated on a background of nearly horizontal specular reflectors are created by prestack Kirchhoff migration with a modified weighting function to attenuate the contribution from the first Fresnel zone. It is assumed that the first Fresnel zone is the main source of reflected specular energy (Kozlov et al., 2004) , so the more it is attenuated, the more prominently the scatterers will appear. At the northern dome, horizon slices from a migrated volume with moderate attenuation of the specular component show the faults of large vertical extent, thus corroborating the evidence provided by coherence cube slices. At the southern dome, no distinct lineaments of increased scattering associated with faults of NW-SE orientation are detected.
Additional corroboration of the fault network localization is provided by images of the dip attribute in Figure 9 . As in the case of coherence attribute images, lineaments interpreted as NW-SE faults in the northern dome are more distinct than lineaments of NNE-SSW orientation in either dome.
Potentially, amplitude versus angle versus azimuth (AVAZ) is a powerful technique for identifying azimuthally aligned fracturing. In the field under study, however, we could not obtain reliable estimates of azimuthal anisotropy because of the extremely non-uniform azimuthal distribution of source-receiver offsets in acquisition. Consequently, use ling was described by Kozlov (2007) . It is based on the assumption that the boundary permeability controls pore fluid exchange between fractures and matrix pores caused by propagating P-waves. 3. Creation of volumes of the direct attributes PERMATR, K1, and I-Band for the target interval and crossplotting horizon slices of each attribute cube with available hydrodynamic measurements and well productivity estimates. 4. Integrated interpretation of the results. Here we illustrate steps 1-3 and compare performance of the direct and indirect permeability attributes. Description of step 4 is limited to issues about multi-attribute studies of reservoir permeability.
Results

Indirect permeability attributes
We consider coherence cubes to be one of the most reliable tools for tracking faults as fracture concentrators. Since the choice of time window for coherence calculation involves a tradeoff between resolution and robustness for fault imaging, we created six trial cubes with time windows over the range 5−40 ms. Horizon slices through the coherence cubes with small time windows (5−10 ms) reveal complex tangles of thin, tortuous lineaments. The majority of them are probably related to sub-seismic dislocations of small vertical extent (Figures 7a and 8a ). Other lineaments are sparsely spaced, relatively strong and nearly straight, marking faults that are relatively stable laterally, but with limited vertical extents of metres to tens of metres. In contrast, the coherence cubes created using larger time windows (15−30 ms) reveal faults that are laterally stable and have vertical extents of several tens of metres (Figures 7b and 8b except for a narrow band along the margins, because of the uniformity of the acquisition template. This leads us to think that local anomalies due to the azimuthal anisotropy of reflectivity in the reservoir interval can at least be detected, though not interpreted quantitatively. Differences ∆A for AVO gradient, elastic impedance reflectivity, and intermediate-angle stack for the upper reservoir layer at the southern dome have been calculated. The angles of incidence (4−22° for AVO gradient, 12−22° for the intermediate-angle stack, and 16° for elastic impedance estimation) were chosen to achieve similar offset distributions within the two azimuthal segments (33±30° and 93 ± 30°) which have the most diverse AVO attribute images. The magnitude of azimuthal anisotropy appears to be much higher at the southern dome than at the northern dome (Figure 10 ). This contrast may be caused by the increased density of aligned, but dispersed fractures (i.e., less closely associated with faulting). All the most productive wells at the southern dome are located on local maxima of the difference of AVAZ is reduced to a qualitative analysis of difference, ∆A=A 1 -A 2 , where A is an attribute and subscripts 1 and 2 denote the azimuths in which the attribute images look most different. To create an attribute image in a given azimuth, A, a cube of the attribute has been created using migrated gathers for the azimuth range ψ ± 30°. Of course, ∆A is distorted by the azimuthal distribution of offsets. However, this cause of distortion remains quite stable over the 3D survey area, H and P values ( Figure 11 ). This can be caused by a number of factors, such as variation in the degree of water saturation, limited boundary permeability, or low matrix porosity which would explain low production rates as the consequence of low reservoir rock capacity. On the whole, indirect attributes appear to be better correlated with C P under natural flow conditions than with pumping. Nearly all crossplots ( Figure 11 ) contain a set of points concentrated along the attribute axis, close to zero values of H, P, or C P . These points probably belong to reservoir sites with considerable fault-related fracturing, and consequently anomalous attribute values, but where fractures are not connected due to full or partial mineralization, thus making the fracture permeability low.
Summarizing the results of the indirect attributes analysis, it can be noted that the network of the main faults, potentially controlling localization of the conduit fracture swarms, is mapped by the set of indirect attributes quite ∆A which are aligned NW-SE, the dominant orientation for faults in the upper layer. In contrast, there is no distinct increase of azimuthal anisotropy associated with the faults of large vertical extent in the northern dome.
Correlation of indirect permeability attributes with available data on hydraulic and piezo-conductivity (H and P data) strongly depends on the attribute parameters (Table 1) . For example, the correlation between the coherence attribute and H or P is maximum when the coherence cube is calculated with dimensions 50 m × 50 m × 12 ms, and reduces rapidly as the dimensions are changed.
Correlation of indirect attributes with the productivity index, C P , defined as the volume of hydrocarbon produced per day divided by formation pressure, is weaker than with underlying terrigenous strata (Figure 1c) . The high degree of correlation between indirect attributes and both P and H paves the way to mapping the fracture permeability for the whole reservoir, although there are no data for P and H to create crossplots for the northern dome and for the intermediate and lower reservoir layers at either dome.
Modelling direct permeability attributes Velocity, density, and layer thickness estimates used for modelling are shown in Figure 2 . To provide a feel for how possible thickness variations can affect the behaviour of direct attributes, we present two deterministic versions of the reservoir layered structure (Figure 2b and c) , because a statistical approach would have been too time-consuming. For these two versions, variation in the thickness of the reservoir layers affects the amplitude spectrum much more significantly than variation in the boundary permeability, especially at low frequencies ( Figure 12 ). Note that ranges of both the thickness variations (specified by value m in Figure 2b and c) and variations in the boundary permeability value used for modelling are those inherent in the actual reservoir rock at the field under study.
Modelled variations in the basic attribute parameters (e.g., the choice of frequency ω dis , discriminating between high and low frequencies for estimation of the K1 attribute, or the choice of frequency range for PERMATR estimation) also affect the variability of these attributes, often more strongly than the variation in the permeability (Figure 13) .
One more source of distortions in the frequency content of the seismic data at the reservoir interval could be a scattering effect due to meso-and macro-fractures. This effect is not accounted for by the permeability substitution modelling.
Summarizing the modelling results, we conclude that variations in the thickness of reservoir layers affect the attribute behaviour much more strongly than the boundary permeability variations. Also, direct permeability attributes are hypersensitive to the choice of their parameters. Consequently, a reliable correlation between auxiliary data on permeability and the direct attribute values can be expected only for rather local areas with near-constant thickness. A wide variety in the particular trends of this correlation could be expected for a fixed m value. Permeability substitution modelling for attributes PERMATR, K1, and I-Band is as important as fluid substitution modelling for AVO attributes in establishing the fluid saturations.
Mapping direct permeability attributes
In the PERMATR and K1 cube slices, the fault-related lineaments are seen quite clearly as narrow bands of anomalous attribute values, decreased in the case of PERMATR and increased in the case of K1 (Figures 14 and 15 ). In the I-Band cube slices, these lineaments are much less prominent or absent. We assume these fault-related lineaments in the PERMATR and K1 cube slices are caused by increased values of the boundary permeability, although we realize unambiguously. Most probably, this network controls zones of increased fracture permeability of open, intersecting, meso-and macro-scale conduit fractures. Faults of large vertical extent dominate at the northern dome and are practically absent at the southern dome. In contrast, faults of limited vertical extent are better developed at the southern dome. There are no data on H and P for the middle and lower layers of the reservoir, where faults oriented N-S dominate instead of NW-SE as is characteristic of the upper layer (Figure 1b) . However, several highly productive wells located away from the NW-SE lineaments (e.g., well 16 at the southern dome and well 53 at the northern dome), are placed directly above distinct N-S lineaments marking faults that can serve as conduits for hydrocarbons generated in the along the attribute axis, near to zero values of H, P, or C P at anomalous attribute values (Figure 16 ). These points probably belong to reservoir sites with high fracture density, and consequently high compliance and attenuation, but where fractures are not connected so that H, P, and C P values are low. This would explain the origin of possible 'false alarms' inherent in the existing technique for predicting fracture permeability from seismic attributes.
Multi-attribute integrated interpretation
In the course of the multi-attribute interpretation, the zones of fracture concentration delineated in horizon slices through permeability attribute cubes are grouped into three categories. 1. Gaping, vertically extensive faults. Short-lived high oil production rates at the start of production are characteristic of wells intersecting these faults. Then these wells become water-flooded (Figure 17a ). The fracture permeability associated with these faults is very high and the boundary permeability is moderate or low. 2. Stratigraphically limited faults of small vertical extent and sometimes with sub-seismic throws, as zones of open, interconnected fracturing. Oil production from wells intersecting these zones remains moderate to very high for many years. Slow, gradual water-flooding is characteristic. Both fracture and boundary permeability are very high ( Figure 17 ).
that frequency-dependent scattering from meso-and macrofracture swarms associated with faults may also contribute to these lineaments. As in the case of indirect attributes, faults of large vertical extent in the PERMATR and K1 cube slices at the northern dome are imaged by more contrasting lineaments than the stratigraphically limited faults at the southern dome ( Figure 15 ). The physical basis for calibration of the direct attributes using available auxiliary data on permeability is not as clear as in the case of the indirect attributes. Conceptually, the boundary permeability governing the behaviour of the direct permeability attributes could correlate with the hydrodynamic parameters, H and P, inasmuch as these parameters react to fracture swarms irrespective of the associated fracture permeability.
On the whole, during the pumping regime in production, direct attributes correlate with the hydrodynamic parameters H and P about as well as during the flowing regime. In contrast, indirect attributes are better correlated with H and P parameters during the flowing regime, because the fracture permeability is naturally inherent to both the fault network, imaged by the indirect attributes, and the hydrodynamic parameters H and P.
As in the case of indirect attributes, nearly all crossplots of a direct attribute with hydrodynamic parameters and the productivity index contain a set of points concentrated 3. Stratigraphically limited faults of small vertical extent, probably with sub-seismic throws, as zones of disconnected, partially or fully mineralized fractures. Oil production from wells intersecting these zones is low from the start of production. Fracture permeability is low, while the boundary permeability is moderate (Figure 17b ). The characteristics of the seismic attributes for the three categories of faults are summarized in Table 2 .
Several wells (e.g., well 53) at the northern dome are stable producers, although all the widely recognized indicators of faulting, such as coherence and dip attributes, image no faults at the sites of these wells within the reservoir. However, there are distinct lineaments marking faults in the terrigenous rocks underlying the reservoir (Figure 1c ). These faults probably provide conduits for hydrocarbons into the upper strata of the reservoir. Also, these lineaments are easily seen in slices through the cubes of scattered energy.
Conclusions
Of the three kinds of permeability defining fluid transport properties of dual porosity tight carbonate reservoirs, matrix permeability, fracture permeability, and boundary permeability, only the last two have definite seismic signatures.
We distinguish between two types of seismic attributes for imaging permeability: indirect attributes (coherence, dip, scattering, and AVAZ) that are intended to locate and image zones of increased meso-and macro-scale interconnected fractures, hence indicating fracture permeability; and direct attributes (PERMATR, K1, and I-Band) that are responsive to variations in the boundary permeability. The indirect attributes are based on anomalies in seismic horizon geometry and fracture-induced azimuthal anisotropy. The direct attributes are based on anomalies in the frequency spectrum of the seismic response over the target interval. To achieve interpretable results, the workflow in multi-attribute studies should include optimization of parameters for each attribute, as illustrated by Table 1 .
Application of both types of attribute to an oil field in the Timan-Pechora province with a tight, fractured carbonate reservoir, enabled us to group the fracturecontrolling faults into three categories having distinct multi-attribute patterns and diverse transport properties defined by specific combinations of fracture and boundary permeabilities.
We do not envisage that it will be possible to calibrate these multi-attribute patterns quantitatively against fracture and boundary permeabilities because there are no reliable laboratory or well logging techniques for measuring these permeabilities. Instead, we can calibrate seismic attributes (one by one using crossplots, or together using neural network techniques) with productivity index, C P, and/or piezo-conductivity, P, and/or hydraulic conductivity, H. The real transport properties of fractured reservoirs
